variously the postsynaptic thickening, the postsynaptic Edward B. Ziff web, or the postsynaptic density. Typical PSDs are obHoward Hughes Medical Institute served at type 1 glutamatergic excitatory synapses and New York University Medical Center are the focus of this review. A somewhat different PSD Department of Biochemistry is seen at type 2 GABAergic and glycinergic inhibitory New York, New York 10016 synapses (Gray, 1959; Colonnier, 1968; Landis and Reese, 1974; Landis et al., 1974; Peters et al., 1991) . Related structures are also found at the neuromuscular junction The postsynaptic density (PSD) is a specialization of the (Sanes, 1997) . Major morphological variants of type 1 cytoskeleton at the synaptic junction. It lies adjacent to synapses include axodendritic synaptic junctions formed the cytoplasmic face of the postsynaptic membrane, in on dendritic shafts, nonperforated axospinous synapses close apposition to the active zone of the synapse and with a continuous PSD, and perforated synapses with the docked synaptic vesicles in the presynaptic terminal. a segmented PSD (Peters et al., 1991) . Emerging evidence indicates that the PSD provides mul-
The PSD has a diffuse cytoplasmic boundary, which tiple functions and is an essential component of an exsuggests a fibrillar structure ( Figure 2A ), and filamentous traordinary synaptic signaling assemblage. The PSD components are visible in freeze fracture preparations forms a disc that consists of cytoskeletal and regulatory ( Figure 2B ). The PSD is gently curved and follows the proteins, some of which contact the cytoplasmic docontour of the spine head and is almost invariably found mains of ion channels in the postsynaptic membrane.
in direct apposition to the active zone, facing memThis location places the PSD directly in the path of the brane-docked vesicles of the presynaptic nerve termiintracellular ionic fluxes and second messenger casnal. The mechanism that establishes this placement is cades generated by neurotransmitters. It is now apparnot known. However, the apposition is often maintained ent that the PSD provides a structural matrix, which in perforated synapses, in which two neighboring synapclusters ion channels in the postsynaptic membrane tic active zones are separated by a region lacking pre-(reviewed by Kennedy, 1993 Kennedy, , 1997 Ehlers et al., 1996a) and postsynaptic specializations ( Figure 1A ). Perforated and anchors signaling molecules such as kinases and PSDs are found in dendritic spines of dentate gyrus phosphatases at the synapse (reviewed by Klauck and neurons (Geinisman et al., 1987a (Geinisman et al., , 1987b and can result Scott, 1995) . These properties suggest that the PSD in separated transmission zones . The serves as a general organizer of the postsynaptic signal molecular mechanisms that align the pre-and postsyntransduction machinery, which links regulatory moleaptic submembraneous structures are not known, but cules to their targets, coordinates developmental and at glutamatergic synapses, it may be provided by densin activity-dependent changes in postsynaptic structures, 180 or related proteins. Densin 180 is an O-sialo glycoprotein related to adhesion molecules that is concenand establishes the functional topography of the posttrated in membranes at synapses of the forebrain (Apsynaptic membrane. Important mechanisms for synapperson et al., 1996) . Interactions of the cadherins and tic regulation, including long-term potentiation (LTP) and the neuroligans and neurexins have also recently been long-term depression (LTD), are likely to have a basis implicated in this alignment (Fannon and Colman, 1996 ; in the PSD. For example, a major component of the PSD, see below) . The nonperforated or simple the ␣ subunit of the Ca 2ϩ /calmodulin-dependent protein PSD and the peforated PSD may have a precursorkinase II (␣CaMKII; Kennedy et al., 1983; Goldenring et product relationship, in which the perforated PSD is an al. Kelly et al., 1984) , has a central role in a current intermediate in synapse turnover, duplication, or synapmodel for long-term memory (Miller and Kennedy, 1986; tic activation (Carlin and Siekevitz, 1983; Edwards, Lisman and Goldring, 1988) . The NMDA receptor, which 1995) . Since LTP may increase the number of synapses is required for several forms of synaptic plasticity (rewith segmented PSDs (Geinisman et al., 1992 ; Buchs viewed by Wilson and Tonegawa, 1997) , is clustered at and Muller, 1996) , synaptic activity may control PSD the synapse by components of the PSD (reviewed by morphology. Sheng and Kim, 1996) . Thus, the PSD contributes to critical features of synaptic integration and regulation.
PSD Ultrastructure Synaptic junctional complexes can be isolated from the Morphology of the PSD brain by nonionic detergent extraction of synaptic memJunctional structures of neurons were first detected by brane preparations (Fiszer and De Robertis, 1967 ; Cothe electron microscope in the 1950s as electron-dense hen et al., 1977; Carlin et al., 1980) . Electron microscopy specializations of pre-and postsynaptic membranes at indicates an organized ultrastructure. Isolated PSDs apthe neuromuscular junction and at points of contact pear as semicircular bands (Figure 3) , lacking a recogbetween cortical neurons at chemically transmitting nizable boundary and measuring about 400 nm long synapses (De Robertis and Bennett, 1954; Palade and and 40 nm wide. Isolated PSDs stain densely and are Palay, 1954) . In 1958, Palay observed that facing the composed of both filamentous and particulate componerve terminal, "the opposite postsynaptic membrane nents. When viewed from the side, the isolated PSD is . . . thickened and denser than it is elsewhere." This often resembles a concave disk. Concanavalin A-bindhighly differentiated structure, shown for hippocampal ing sites indicative of glycoproteins marking the extracellular side are restricted to one surface of the PSD CA1 and Purkinje cell synapses in Figure 1 , was called (A) Electron micrograph of a synaptic junction on a CA1 pyramidal neuron dendritic spine in hippocampal slice culture (from P8 rat, 10 days in vitro). The hippocampal slice was preserved by rapid freezing and freeze-substitution fixation to avoid artifacts due to slow chemical fixation. Synaptic vesicles are clustered in the reserve pool Figure 1 . Postsynaptic Densities of Central Synaptic Junctions (above), as well as docked to the presynaptic active zone (arrow at (A) Electron micrograph from the adult hippocampal CA1 region center). The globular and filamentous substructure of the PSD is illustrating perforated (P) and nonperforated (N) PSDs on dendritic clearly revealed (between arrowheads), as well as the filamentous spines. The arrowhead indicates the discontinuity of the PSD at the material in the spine head and neck (asterisk). The micrograph was perforated synapse. The micrograph was kindly provided by Dr.
kindly provided by Dr. L. D. Pozzo-Miller (unpublished) . N. L. Desmond (unpublished).
(B) Freeze fractured shallow etched Purkinje cell spine showing (B) Synaptic junction formed between a Purkinje cell (PC) dendritic substructure within a postsynaptic density, adjacent to the postsynspine and a parallel fiber (PF) axon in the murine cerebellar cortex, aptic membrane. The axonal membrane (A) and spine membrane visualized following aldehyde fixation and osmium tetroxide postfix-(S) and postsynaptic density (line of arrowheads) have been succesation. The junctional cleft is widened at the region of the active sively revealed along the plane of fracture. Intramembrane particles zone (arrowheads), which is adjacent to docked vesicles of the on the extracellular half of the fractured spine membrane are marked presynaptic membrane and postsynaptic fibrillar structures. The cyby oblique arrows. A filamentous structure with adherent globular toplasm of the spine contains membrane-bound cisterns. The micmaterial is seen within the PSD. The horizontal arrow marks a larger rograph is taken from Landis (Landis, 1988) . filament resembling a spectrin isoform. The micrograph is taken from Landis et al. (1987) .
when the PSD is prepared to retain the postsynaptic plasma membrane . The major ConAbinding protein was identified as the NMDA receptor filaments may limit the mobility of receptors by anchoring them to the microfilament lattice and that this consubunit NR2B (Moon et al., 1994) . When freed of its membrane attachments, the PSD in some cases disnection may also maintain the curvature of the postsynaptic membrane. Filaments of 5-7 nm, which constitute plays a central hole (Cohen and Siekevitz, 1978) . The PSD can assume a loose web-like structure with subthe submembrane cytoskeleton of the spine and which insert in the membrane in the midst of the PSD, may be synaptic particulate bodies on the cytoplasmic side (Cohen et al., 1977) and may be dissociated into finely stribrain spectrin (Landis and Reese, 1983) . similar observations have been made at hippocampal synapses using ated strips by N-lauroyl sarcosinate treatment (Suzuki and Tanaka, 1986) . The filamentous components appear rapid freezing methods (Pozzo-Miller and Landis, 1993) . In Purkinje cell dendritic spines, actin-like and spectrinto hold together the particulate components. In one deep-etch, freeze fracture study, 4 nm filaments tentalike microfilaments are juxtaposed to the PSD but do not appear to be continuous with the filaments of the tively identified as F-actin were intermeshed with 8-9 nm filaments, which were concentrated below the PSD PSD itself (Landis et al., 1987) . Globular proteins appear at irregular intervals on the filamentous net of the PSD (Gulley and Reese, 1981) . This suggested that the 4 nm and are positioned at sites expected to have the greatest of brain tissue, the PSD is released in a complex with glycoproteins of the postsynaptic membrane (Gurd et Ca 2ϩ ion fluxes during NMDA receptor activation. Electron microscopy also reveals interactions beal., 1983), some of which were later identified as ion channels. The ionotropic NMDA and AMPA-type of glutween the PSD and organelles of the dendritic spine. Smooth endoplasmic reticulum cisterns are found in the tamate receptors and the metabotropic glutamate receptors are concentrated in the postsynaptic membrane spine (reviewed by Fifkova and Morales, 1992) and in some cases reach the margins of the PSD (Spacek and of excitatory synapses in association with the PSD (Nusser et al., 1994) . Other cell junction proteins are also Harris, 1997) . This so-called spine apparatus consisting of irregular, membranous, electron-dense sac-like strucfound, including N-cadherin (Beesley et al., 1995; Yamagata et al., 1995; Uchida et al., 1996) . Given the fibrillar tures running through the neck of the spine (Spacek and Harris, 1997) may be an extension of the dendritic character of the PSD, it was not suprising that components of the cytoskeleton are also abundant, including smooth endoplasmic reticulum. The PSD and spine apparatus appear to be interconnected by actin filaments.
actin (Fifkova and Morales, 1992) and ␣-actinin-2 (Wyszynski et al. , 1997) . Fodrin, the nonerythroid brain specHowever, the actin filaments may be distinct from a PSD core, which contains regulatory components such as trin, is a major calmodulin-binding protein of postsynaptic density preparations (Carlin et al., 1983) . Also found ␣CaMKII (Adam and Matus, 1996) . The cytoarchitecture of the spine is thought to be in dynamic flux. Actin in lesser quantities are dystrophin (Kim et al., 1992) , beta-dystroglycan, (Mummery et al., 1996) , amyloid preconcentrations are high in the spine, and actin polymerization is under the negative control of Ca 2ϩ fluxes (recursor protein-like protein-1 (Kim et al., 1995a) , and ␣-adducin (Seidel et al., 1995; Kuhlman et al., 1996; viewed by Fifkova and Morales, 1992) . Changes in Ca 2ϩ concentration within individual spines (Guthrie et al., Matsuoka et al., 1996) . The precise molecular organization of these cytoskeletal components within the PSD 1991; Muller and Connor, 1991; Pozzo-Miller et al., 1993; Jaffe et al., 1994; Denk et al., 1995; Eilers et al., 1995;  is not yet known. Numerous regulatory molecules have also been local- Petrozzino et al., 1995; Yuste and Denk, 1995) induced by synaptic activity can work in combination with myoized to the PSD, including calmodulin (Grab et al., 1979) and ␣CaMKII (CaMKII) (Kennedy et al., 1983 ; Goldenring sin, MAP2, brain spectrin, and actin polymerization regulatory proteins to modulate the actin filament interconet al., 1984; Kelly et al., 1984; Ouimet et al., 1984; Fukunaga et al., 1988; Kennedy et al., 1990) or a protein nections between the PSD and other spine organelles.
closely related to CaMKII (Wu et al., 1992a) . Following CaMKII autophosphorylation, which leads to calmodulin Components of the PSD A molecular model of the PSD and some of its compoindependence (Miller and Kennedy, 1986) , CaMKII can translocate to the PSD (Strack et al., 1997b) , where it nents is given in Figure 4A . The first efforts to identify the protein components of the PSD employed detergent may phosphorylate glutamate receptors (see below). Protein kinase C subtypes beta and gamma (Wolf et extraction of brain tissue and differential centrifugation to purify biochemical quantities of a PSD fraction. Fural., 1986; Suzuki et al., 1993) , the ERK2-type mitogenactivated protein kinase , protein ther fractionation led to the isolation of individual PSD proteins. Systematic studies identified over 30 PSD conkinase A (Carr et al., 1992) , and the Fyn tyrosine kinase are also found in PSD prepstituents, including cytoskeletal and neurofilament proteins, enzymes of glycolysis, heatshock and vesicle arations, as are protein phosphatase 1 (Dosemeci and Reese, 1993) and G proteins (Aoki et al., 1992; Wu et transport proteins, plus a class of high M r proteins (Walsh and Kuruc, 1992; Langnaese et al., 1996) . When al., 1992b). A number of these regulatory proteins may be precisely positioned in relation to their regulatory the PSD is purified by mild nonionic detergent extraction release glutamate into the synaptic cleft, which in turn stimulates NMDA (blue rectangle), AMPA (red, yellow rectangle), and metabotropic (brown membrane protein) glutamate receptors. In the spine, actin cables (vertical pink filaments) are linked to brain spectrin (red, horizontal molecules). Also present in the spine are endoplasmic reticulum (blue membranous structure) and calmodulin (green ovals). Numerous kinases and proteases are not shown because their localization is not established. (B) TrkB responds to BDNF (pink receptor; blue ligand). (C) The neuroligan (green rectangle) cytoplasmic domain binds PSD-95 (blue, green, yellow ovals). PSD-95 binds GKAP/SAPAP/DAP protein (red) and the NMDA receptor (blue rectangle), which in turn binds ␣-actinin (orange) and actin (pink). (D) The MAGUK protein PSD-95 contains three N-terminal PDZ domains (yellow circles), an SH3 domain (green oval), and a guanylate kinase domain (blue oval), which binds members of the GKAP/SAPAP/DAP protein family (red circle). The N terminus contains a pair of cysteine residues (SH), which function in dimerization. (E) The crystal structure of a PDZ domain of PSD-95 (yellow ribbon) shows helix ␣B (green segment of ribbon) with specificity residue ␣B1 (blue histidine) that hydrogen bonds to a threonine at position Ϫ2 (red residue) of the C terminus (olive line and residues) of the NMDA receptor NR2A and NR2B subunits. (F) Cadherins (orange transmembrane protein) are linked by their cytoplasmic domain (blue) to ␤-catenin (red) and ␣-catenin (green) and actin (pink). (G) Metabotropic GluR binds Homer (blue) via PDZ domain (circle). (H) Two AMPA receptors (red, yellow rectangle) are shown. Each binds GRIP, which has seven PDZ domains (red circles). Dimerization of GRIP via N termini is hypothetical. (I) Ca 2ϩ that enters the spine through the NMDA receptor in response to receptor binding of glutamate (yellow circle) is proposed to activate calmodulin (green oval), which displaces ␣-actinin and actin (orange oval, pink chain) from the NMDA receptor NR1 subunit C terminus.
targets. Indeed, several protein kinases are tethered et al., 1995) . AKAP 79 binds protein kinase C as well and thus couples three enzymatic functions (Klauck et near or within the PSD via specialized adaptor proteins. These adaptors include AKAP (A kinase anchoring proal., 1996) . A 190 kDa CaMKII-binding protein is also found in the PSD fraction (McNeill and Colbran, 1995 Kharazia et al., 1996) . These receptors appear to have SAP90 are predominantly postsynaptic in the forebrain (Hunt et al., 1996) but are presynaptic in cerebellar basa specific topological relationship to each other at the synapse: AMPA receptors occupy a central location, ket cells (Kistner et al., 1993; Lue et al., 1994; Muller et al., 1995) . facing the presynaptic release site for neurotransmitter, while metabotropic receptors lie at the synapse periphBecause PSD-95 and chapsyn-110 can cluster NMDA receptors and Shaker K ϩ channels in nonneuronal cells ery (Nusser et al., 1994; Baude et al., 1995; Lujan et al., 1996 ; Figure 4A ). (Kim et al., 1995b , clustering is likely to be a direct function of the MAGUK protein. In one model, MAGUK Recently, PSD proteins have been cloned that cluster glutamate receptors and also link the receptors to cytoproteins dimerize via interactions between their PDZ domains and cluster associated channels. PDZ domains plasmic proteins. One of these, PSD-95/SAP90 (Nieto et al., 1982; Cho et al., 1992; Kistner et al., 1993 ; Kornau can multimerize in vitro, as seen in crystallographic structures (Cabral et al., 1996) and in the binding of et al., 1995), after purification from isolated PSD fractions and cloning was found to be homologous to the PSD-95 to neuronal nitric oxide synthase (nNOS) via PDZ:PDZ interaction (Brenman et al., 1996a) . MAGUK Drosophila melanogaster Dlg protein, found at septate junctions (see below). The two proteins share a strucproteins also multimerize through disulfide bridges between pairs of cysteine residues located near the tural motif, the PDZ domain, which tethers cytoplasmic proteins to membrane receptors. The PDZ domain takes MAGUK N terminus ( Figure 4C ; Hsueh et al. , 1997) . The bridges generate MAGUK dimers or tetramers and clusits name from three proteins, which contain the domains PSD-95 of synaptic junctions, DlgA of Drosophila septer associated receptors in the membrane ( Figure 4C ). Some MAGUKs, however, fail to induce clustering. tate junctions, and ZO-1 of epithelial cell tight junctions (Kennedy, 1995 Shaker channels . The absence of an N-terminal cysteine pair from SAP97/hDlg may 1995; Lue et al., 1996) , SAP102 (Lau et al., 1996) , and chapsyn-110/PSD-93 (Brenman et al., 1996b; account for its inability to dimerize or cluster. PSD-93, a MAGUK protein that binds to nNOS and that is largely 1996). All contain an N-terminal cluster of three PDZ domains followed by an SH3 domain and a guanylate postsynaptic in Purkinje cell bodies and dendrites, is expressed in five forms with alternative N-terminal struckinase-like domain at the C terminus ( Figure 4D ). Proteins of this family are called membrane-associated guatures. One form contains a pair of cysteine residues similar to that of PSD-95, but other forms lack the cysnylate kinase (MAGUK) proteins (reviewed by Anderson, 1996) .
teines. Thus, variation of functional domains may regulate MAGUK capacity to cluster channels. MAGUK proteins may cluster receptors by a third Role of the PDZ Domain mechanism, linking receptors to cell adhesion moleThe abilities of the MAGUK proteins to bind to integral cules, which are concentrated at synapses. PSD-95 can membrane proteins, such as subunits of NMDA receptor serve as a cytoplasmic bridge between the NMDA reand the Shaker K ϩ channel, have received wide scrutiny ceptor, which binds PDZ domains 1 and 2, and the because of the implications for channel synaptic clusterneuroligans, synaptic cell surface proteins whose C tering. The PDZ domain of the MAGUK binds to the recepmini bind PDZ domain 3 (Irie et al., 1997; Figure 4C ). tor subunit at its C terminus ( Figures 4D and 4E) . The
The neuroligan extracellular domain binds to the ␤-neucrystal structure of a representative PDZ domain reveals rexins, a second synaptic cell surface protein type implia compact protein fold with a hydrophobic pocket, cated in synaptogenesis. ␤-neurexin-neuroligan synapwhich binds the receptor C-terminal residues (Cabral et tic clusters would thereby colocalize NMDA receptors. Doyle et al., 1996) . PDZ domains of the MAGUK A second MAGUK protein domain, the SH3 domain proteins recognize the motif S/TXV-COOH, which is ( Figure 4D ), binds to variations of the motif PXXP (refound at the C termini of the NMDA NR2A and NR2B viewed by Mayer and Eck, 1995); however, MAGUK SH3-subunits and specific forms of NR1, and also at the C associated proteins have not yet been reported. A third termini of the ␣ subunits of Shaker K ϩ channels (Kornau MAGUK domain, the guanylate kinase (GK) domain, has et al., 1995). A systematic study of peptide binding spechigh homology with authentic guanylate kinases. Howificities of different PDZ domains (Songyang et al., 1997) ever, residues required for kinase catalytic activity are revealed that the side chain of the amino acid at PDZ altered, and although the GK domain binds GMP, it lacks position ␣B1, which may be hydrophillic or hydrophobic, an identified enzymatic activity . The contributes strongly to the C-terminal peptide binding GK domain binds the novel protein GKAP ( Figure 4D ; specificity ( Figure 4E ). The ␣B1 residue is located at one , which was also cloned as one of four end of an ␣ helix, which forms the hydrophobic binding SAPAPs (SAP-associated proteins; Takeuchi et al., pocket. In the MAGUK protein, a ring nitrogen of His at 1997) and two DAP (hDLG-and PSD-95-associated proteins; Satoh et al., 1997) proteins. GKAP colocalizes the ␣B1 position hydrogen bonds to the hydroxyl group with PSD-95 in dissociated hippocampal neurons and (Strack et al., 1997a Figure 4G ). within the PSD . The GKAP/SAPAP/ DAP proteins recruit PSD-95 from the cytoplasm to the Cytoskeletal Interactions of the PSD plasma membrane when expressed in 293 HEK cells.
Electron microscopy first revealed that actin filaments Cotransfection studies indicate that PSD-95 can also can bind to the cytoplasmic face of the PSD and may recruit GKAP/SAPAP/DAP into a complex with the Kv1.4 associate directly with PSD components (see Fifkova Shaker K ϩ channel and with the NR2B protein. Thus, and Morales, 1992 ). Recent studies demonstrate that the GK domain enables the MAGUK proteins to serve the NMDA receptor can interact directly with the actin as intermediates between channels and GKAP/SAPAP/ cytoskeleton. The protein ␣-actinin-2, a member of the DAP proteins and possibly other cytoplasmic factors.
spectrin/dystrophin family of actin-binding proteins, An especially well-understood example of a channel binds through its central rod domain to the cytoplasmic macromolecular assembly of this sort is provided by tails of the NR1 and NR2B subunits of the NMDA recepInaD, a Drosophila Ca 2ϩ channel-binding protein that tor (Wyszynski et al., 1997 ; Figure 4I ). This binding is contains five PDZ domains and binds to the store-operdirectly antagonized by Ca 2ϩ /calmodulin, a protein that ated Ca 2ϩ channel TRP (Shieh and Zhu, 1996; Tsunoda binds to NR1 (Ehlers et al., 1996b) , 1996) . InaD is thought to enable the TRP channel to site with an ␣-actinin-binding site raises the possibility assemble a large regulatory complex in the cytoplasm.
that Ca 2ϩ fluxes through the NMDA receptor itself can Channels in vertebrate neurons are likely to form macroactivate calmodulin and enable Ca 2ϩ /calmodulin to dismolecular assemblies analagous to the InaD complex, place ␣-actinin from the receptor and release the recepand such complexes may constitute functional comtor from the cytoskeleton ( Figure 4I ). Binding of Ca 2ϩ / ponents of the PSD. Other forms of complexes may calmodulin to the NR1 C terminus decreases the mean also arise. Lateral interactions within the postsynaptic opening time of the NMDA receptor, thus decreasing membrane mediated by homointeractions of glutamate channel currents (Ehlers et al., 1996b domains could determine the biochemical and ionic fluxes through the NMDA receptor rapidly induce the interactions between neighboring receptors. In glutadephosphorylation of MAP2, providing another basis for matergic synapses, the formation of receptor assemreorganizing the cytoskeleton (Halpain and Greengard, blies may be regulated in development. PSD-95 is in-1990) . Receptor linkage to the cytoskeleton may be sevduced in the rat between postnatal days 8 and 18 (Cho ered proteolytically by the Ca 2ϩ -regulated protease calet al., 1992), a time when spine formation occurs and pain, which also may be activated by fluxes of Ca 2ϩ ions the capacity for synaptic plasticity changes (Harris and through the NMDA receptor. Calpain can cleave AMPA Teyler, 1984) . Regulation of the expression of MAGUKs receptor subunits (Bi et al., 1997) and calcium channels may contribute to synaptogenesis and to changes in (Hell et al., 1996) . Calpain selectively degrades spectrin synaptic architecture during development.
in isolated PSDs (Dosemeci and Reese, 1995) and, when Recently, PDZ proteins that interact specifically with induced by NMDA, increases AMPA binding to receptors the AMPA and metabotropic glutamate receptors have in hippocampal slices (Gellerman et al., 1997) . Proteolyalso been described. The GluR2 and GluR3 AMPA resis triggered by NMDA receptor activity may therefore ceptor subunits interact through their C termini with two lead to PSD and cytoskeletal remodeling. novel PDZ proteins, GRIP (glutamate receptor inter-
The phenomenon of rundown of NMDA receptor curacting protein; Dong et al., 1997) , which has seven PDZ rents, a loss of NMDAR activity induced by Ca 2ϩ when domains ( Figure 4H ), and ABP (AMPA receptor binding ATP levels are low (Rosenmund and Westbrook, 1993a, protein; Srivastava et al., submitted) , which is ‫%08ف‬ 1993b), also suggests that NMDA receptors interact homologous to GRIP but lacks the seventh, C-terminal functionally with the cytoskeleton. Rundown is en-PDZ domain. GRIP and ABP form a family of glutamate hanced by cytochalasins, which stimulate actin-ATP hyreceptor binding proteins that lack the SH3 and GK drolysis, and is blocked by phalloidin, which stabilizes domains of the MAGUK proteins. Although the contributhe actin cytoskeleton. Thus, rundown may result from tions of GRIP and ABP to AMPA receptor function have disassembly of the actin cytoskeleton from the NMDA not yet been fully explored, GRIP contains a pair of receptor and could reflect a compartmentalization of a cysteine residues near its N terminus analagous to those channel regulatory protein by actin filaments. It is not that multimerize PSD-95 and cluster NMDA receptors.
known if rundown, which is observed in cultured disThe regulation of AMPA receptor function by other PSD sociated neurons in vitro during electrophysiologic reproteins is not well-understood, but AMPA receptors cording, has a counterpart in intact brain. However, are phosphorylated by CaMKII following LTP (Barria et NMDA receptor activity exhibits mechanosensitivity in al. , 1997) , and this phosphorylation may be facilitiated cultured neurons, which may be imparted by changes by CaMKII recruitment to the PSD (Strack et al., 1997b) and reversed by PSD-associated protein phosphatases in the cytoskeleton. Hypo-osmotic stretching of the plasma membrane that accompanies cell swelling inmigrate to the nucleus, where it forms complexes with other factors that regulate transcription (see Peifer, creases NMDA receptor sensitivity to ligand (Paoletti and Ascher, 1994) . This suggests that changes in mem-1997) . It is now apparent from studies of Drosophila that features of both tight junctions and adherens junctions brane tension induced in dendritic spines by the cytoskeleton may affect NMDA receptor function. may be found in synaptic junctions. The Drosophila MAGUK protein, DlgA, is found in synaptic boutons at the neuromuscular junction, which is glutamatergic Role of Tyrosine Phosphorylation The nonreceptor tyrosine kinase Fyn is present in the (Schuster et al., 1991) , and also in septate junctions, which are the invertebrate counterpart of tight junctions PSD fraction . In focal adhesion plaques, the related tyrosine kinase Src and the (Woods and Bryant, 1991; Bryant et al., 1993) . Mutation of the dlg gene disrupts synaptic bouton structure at FAK tyrosine kinase are activated when integrin ␣-␤ heterodimers bind to the extracellular matrix (reviewed the Drosophila neuromuscular junction (Lahey et al., 1994) . In dlg mutants, as the muscle target increases in by Dedhar and Hannigan, 1996; Hanks and Polte, 1997) . It is not known if Fyn is controlled at the synapse by an size during development, the normal expansion of a subsynaptic specialization called the subsynaptic reticanalagous mechanism or if the PSD contains a specialized tyrosine kinase akin to FAK. However, Fyn is likely ulum fails. Thus, the DlgA protein may regulate the size of synaptic surfaces during muscle development. Into have an important role in synaptic function since Fyn phosphorylates the NR2B subunit of the NMDA receptriguingly, the ectopic expression of DlgA at either preor postsynaptic locations can compensate for the mutator, the major tyrosine phosphorylated protein of the PSD fraction, as well as NR2A (Gurd, 1985; Moon et tion, suggesting that DlgA does not have to be present at the site of the subsynatic reticulum to function. The al., 1994; Suzuki et al., 1995) , a modification that may enhance receptor activity (Kohr and Seeburg, 1996) .
human DlgA homolog, hDlg/SAP97, localizes at points of epithelial cell contact (Lue et al., 1994) and binds to Also, the Fyn knockout mouse is deficient in certain forms of LTP (Grant et al., 1992) .
ion channel subunits via S/TXV-COOH motifs and to ezrin/radixin/moesin (ERM) proteins, which in turn bind Neurotrophic factors that are ligands for receptor tyrosine kinases can also modify synapse function (reviewed the cytoskeleton (Lue et al., 1996) . The precise role of DlgA and hDlg/SAP97 in junctional assembly is not by Thoenen, 1995; Lu and Figurov, 1997) . For example, neurotrophins can enhance excitatory transmission in known. However, the recent finding that hDlg/SAP97 also binds to the adenomatous polyposis coli (APC) a number of systems (Lohof et al., 1993; Kang and Schuman, 1995; Levine et al., 1995 ; Stoop protein provides a clue. APC was first discovered as a protein whose mutation contributes to aberrant proliferand Poo, 1996). The neurotrophin brain-derived neurotrophic factor (BDNF) also regulates hippocampal LTP ation of epithelial cells, such as in colon cancer (reviewed by Polakis, 1997) . APC binds to hDlg/SAP97 Korte et al., 1996; Patterson et al., 1996) . The receptor for BDNF, the tyrosine kinase TrkB, through the APC C-terminal VTSV-COOH motif (Matsumine et al., 1996) and has a role in the degradation is found in isolated PSDs Figure 4B) where it can stimulate phosphorylation of the NR1 subof ␤-catenin (see Peifer, 1997) . ␤-catenin is essential for the linkage of cadherins to the cytoskeleton. By regulatunit of the NMDA receptor (Suen et al., 1997) .
ing ␤-catenin levels, APC may regulate the capacity of cadherins to connect to the cytoskeleton and form adRelationship to Other Cell Junctions Recent studies of other types of cellular junctions may herens junctions. APC is expressed in the Drosophila nervous system (Hayashi et al., 1997) and is found in provide clues to PSD regulation. Cells in epithelial monolayers are joined by two junction types, tight junctions nerve terminals of cultured hippocampal neurons together with hDlg/SAP97 (Matsumine et al., 1996) . APC:␤-and adherens junctions. These junctions maintain the apical-basal polarity of the cell and restrict ion flow catenin:hDlg/PSD-95/DAP-1 complexes have been detected in vertebrate neurons (Satoh et al., 1997) , but between cells. Tight junctions occupy an apical position relative to adherens junctions. Both types of junctions their function or role in regulating ␤-catenin levels has not been examined. However, it is noteworthy that N are established by homophilic interactions between incadherin, which is a possible target of ␤-catenin regulategral membrane proteins expressed on the junctional tion, and both ␣-and ␤-catenin are present in the synapmembranes. With tight junctions, the homophilic intertic membrane adjacent to transmitter release zones action is between the extracellular domains of the pro- (Beesley et al., 1995; Uchida et al., 1996; Figures 4A and tein occludin (Furuse et al., 1993) . Occludin also binds 4F) where cadherins have been proposed to "lock in" (Furuse et al., 1994) to two intracellular MAGUK family nascent synaptic connections (Fannon and Colman, proteins, ZO-1 and ZO-2 (Stevenson et al., 1986; Itoh et 1996) . Thus, the cadherins and other components of the al., 1993; Willott et al., 1993; Jesaitis and Goodenough, adherens junction may contribute to synaptic junctional 1994). ZO-1 in turn binds to the actin cytoskeleton (reassembly. viewed by Howarth and Stevenson, 1996) . At adherens junctions, homophilic cell-cell interactions via E-cadherin provides Ca 2ϩ -regulated cell adhesion (reviewed Conclusion In 1985, Siekevitz proposed that long-lasting changes by Aberle et al., 1996) . The cadherin cytoplasmic domain binds ␤-catenin, a protein with a novel, multifunctional in neuronal circuitry resulted from changes in the "concentration and conformation of PSD proteins, role. ␤-catenin associates with ␣-catenin, which contacts the actin cytoskeleton, allowing ␤-catenin to conchanges that could alter the neural physiology of dendritic spines . . .". Our present understanding of the PSD trol junctional assembly ( Figure 4F ). ␤-catenin can also ponents into an elegant macromolecular assembly. Buchs, P.A., and Muller, D. (1996) . Induction of long-term potentiaWithin the PSD may lie clues to the mechanisms of tion is associated with major ultrastructural changes of activated the most intriguing of brain functions, including activitysynapses. Proc. Natl. Acad. Sci. USA 93, [8040] [8041] [8042] [8043] [8044] [8045] dependent changes in synaptic strength and, possibly, Cabral, J.H., Petosa, C., Sutcliffe, M.J., Raza, S., Byron, O., Poy, F., higher functions such as learning and memory. Marfatia, S.M., Chishti, A.H., and Liddington, R.C. (1996) . Crystal structure of a PDZ domain. Nature 382, 649-652.
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